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KINETICS OF THE PHASE T R A N S I T I O N  OF POLY(p-BIPHENYLYL 
ACRYLATE) 

MARIAN0 PRACELLA, SILVANO DE PETRIS, V I T T O R I O  FROSINI, 

PIER L U I G I  MAGAGNINI 

Faco l tS  d i  Ingegne r i a ,  Univers i tZ  d i  P i s a  
v i a  D i o t i s a l v i  2 ,  56100 P i s a ,  I t a l y  

Ahs t r ac t  The k i n e t i c s  of the  i so t rop ic - to - smec t i c  A 

t r a n s i t i o n  of po ly  (p-b iphenyly l  a c r y l a t e )  has  been in -  
v e s t i g a t e d  by d i f f e r e n t i a l  scanning  ca lor imet - ry .  The pa- 
rameter  n o f  t h e  Avrami equat ion  has  been found t o  be of 
ca .  3 .  The c a l c u l a t e d  format ion  energy of t h e  n u c l e i  i s  
40~50 KJ-mole-’. From t h e  thermal d a t a ,  i t  i s  concluded 

t h a t ,  i n  t h i s  polymer, a f r a c t i o n  of amorphous m a t e r i a l  
i s  p r e s e n t  t o g e t h e r  wi th  t h e  mesophase, and t h e  r e l a t i v e  
amounts of  t h e  two phases v a r i e s  wi th  t h e  thermal h i s t o r y .  

INTRODUCTION 

The k i n e t i c s  

l e c u l a r  mass 
ago by P r i c e  

of t h e  phase t r a n s i t i o n s  of a number of  l o w  mo-  
l i q u i d  c r y s t a l s  have been s t u d i e d  about  t e n  y e a r s  

and Wendorff’. The t r a n s i t i o n s  i n  t h e s e  systems 

are c h a r a c t e r i z e d  by very  s m a l l  degree of undercooling (about  
0 .1  deg) and by very  h igh  r a t e  of t r ans fo rma t ion  (even a t  t h i s  

s m a l l  unde rcoo l ing ) .  To our  knowledge, no k i n e t i c  s tudy  has  
been publ i shed  so f a r  concerning t h e  phase t r a n s i t i o n s  occur- 
r i n g  i n  l i q u i d  c r y s t a l l i n e  s ide-cha in  polymers. 

Poly (p-b iphenyly l  a c r y l a t e ) t  (PPBA) i s  a thermotropic  
polymer c h a r a c t e r i z e d  by a smectic A phase,  t h e  range of sta- 
b i l i t y  of which ex tends  up t o  about  540 K’ . 
t u r e s  (below t h e  g l a s s  t r a n s i t i o n  temperature T 9 Y  380 K) t h e  

polymer i s  f rozen  i n  as a mesomorphic g l a s s ,  whereas, a t  tem- 
p e r a t u r e s  between Tg and T i ,  i t  behaves as a semiso l id  m a t e r i a l .  

tSystematic name : Poly (4-biphenylyloxycarbonylethylene) 

A t  low tempera- 

22s 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
15

 2
0 

Fe
br

ua
ry

 2
01

3 



226 M .  PRACELLA et a/. 

The f i r s t -o rde r  smectic-to-isotropic t r ans i t i on  i s  accompanied 
by an appreciable heat  absorption (ca.  20  J-g-’) ’. The forma- 
t i on  of the mesophase from the i so t rop ic  melt takes place ex- 
othermally w i t h  a r e l a t i v e l y  high undercooling. I n  f a c t ,  a s  
it i s  shown i n  Fig. 1,  the  exotherm on the cooling DSC t race  

etactic P P B A  

rnasomorphic mesomorphic 

(9 ’ ss1 

m 
1 

360 400 480 500 550 
T I  K 

F I G U R E  1 DSC heating and cooling t r aces  of a t a c t i c  PPBA. 

i s  observed a t  a temperature T,which i s  about 20 K lower than 
Ti ( fo r  a cooling r a t e  of 30 K - m i n - ’ )  ; however, t h e  i so t rop ic  
melt can be even quenched i n  ice-water to give a f u l l y  amor- 
phous, t ransparent  g l a s s 4 .  

Since PPBA can be e a s i l y  cooled below Ti without appre- 
c iab le  transformation of the i so t rop ic  phase, the k ine t i c s  
of  the isothermal mesophase formation, a t  d i f f e r e n t  Ts values ,  
can be conveniently invest igated.  

of the  formation of the smectic phase from the i so t rop ic  melt 
of PPBA, car r ied  ou t  by d i f f e r e n t i a l  scanning calorimetry.  

In t h i s  paper we present  the  r e s u l t s  of a k ine t i c  study 
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KINETICS OF THE PHASE TRANSITION 227 

EXPERIMENTAL 

PPBA was prepared by bulk polymerization of t he  corresponding 
monomer, i n i t i a t e d  by Bz202 a t  60 C ,  a s  descr ibed p rev ious ly?  
The crude polymer was f r a c t i o n a t e d  with b o i l i n g  benzene and 
the  in so lub le  f r a c t i o n  was d i s so lved  i n  C H C l , ,  p r e c i p i t a t e d  
i n  excess methanol and d r i e d .  The polymer had Rn = 9 1 . 2 * 1 0 3  
and E w / h  = 4 - 9 .  

The k i n e t i c  measurements were made on a d i f f e r e n t i a l  
scanning ca lo r ime te r ,  P e r k i n  Elmer DSC-2 ,  by f i r s t  hea t ing  
the  polymer samples (759 mg) t o  590 K f o r  5 min, i n  order  t o  
cancel  any e f f e c t  of previous thermal h i s t o r y ,  and cool ing 
them r a p i d l y  ( i n  the  instrument) down t o  the  s e l e c t e d  t r a n s -  
formation temperature TS: the h e a t  evolved during the  i s o -  
thermal formation of t h e  mesophase was then recorded a s  a 
funct ion of t ime6.  After  t he  completion of the t ransformation,  
a s  revealed by t h e  DSC t r a c e ,  the temperature was again r a i s e d  
a t  a r a t e  of 10 K - m i n - l  i n  o rde r  t o  r e g i s t e r  t he  endotherm of  
i s o t r o p i z a t i o n  of  t he  mesophase formed. 

o u t  a t  d i f f e r e n t  T,, s i nce  no appreciable  s ign of polymer de- 
composition was observed. The r e p r o d u c i b i l i t y  of  t he  r e s u l t s  
was very s a t i s f a c t o r y  e i t h e r  on rerunning t h e  same sample or 
by using new ones. 

The same sample could be used f o r  successive runs c a r r i e d  

RESULTS AND DISCUSSION 

An example of t he  DSC t r a c e  r e g i s t e r e d  during the  isothermal  
mesophase formation i n  a PPBA sample cooled r a p i d l y  from 
590 K t o  the temperature Ts i s  shown i n  Fig.  2 .  From the  t r a c e ,  
t he  f r a c t i o n  X t  of  the polymer transformed a t  the t i m e  t can 
be determined a s  t h e  r a t i o  of t he  a r e a  of t h e  exotherm, a t  
t h e  t i m e  t ,  t o  t h a t  of the o v e r a l l  exotherm. 

The range of t ransformation temperatures inves t iga t ed  
i s  between 526 and 534 K .  For higher  temperatures ,  t he  t r a n s -  
formation was too  s l o w  t o  a l low an accu ra t e  measurement of 
the k i n e t i c  parameters;  f o r  lower temperatures,  the t r a n s f o r -  
mation s t a r t e d  before  the  end of t he  cool ing down t o  Ts.  An 
induct ion per iod was observed a t  a l l  temperatures,  except t he  
two lowest i nves t iga t ed .  
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228 M. PRACELLA et a1 

F I G U R E  2 DSC trace registered isothermally at 
A S -  

FIGURE 3 Isotherms of the mesophase formation of PPBA. 

The values of Xt are plotted as a function of time, for 
some of the temperatures Ts investigated, in Fig. 3. All the 
curves have the same shape and are superimposable on each 
other by an appropriate shift along the time axis. This in- 
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KINETICS OF THE PHASE TRANSITION 229 

d i c a t e s  t h a t  t h e  t r a n s i t i o n  i n v e s t i g a t e d  may be  ana lyzed  i n  
t e r m s  of t h e  Avrami’ equa t ion :  

1 - Xt = exp(-Kn.trl) (1) 

where n depends on t h e  modes of t h e  n u c l e a t i o n  and on t h e  
geometry of growth of t h e  t ransforming  r eg ions  and Kn i s  a 
c o n s t a n t  depending on n u c l e a t i o n  d e n s i t y  and on t h e  growth 
of t h e  t r ans fo rma t ion .  

The p l o t s  o f  l og{ - ln ( l -Xt )}  vs .  l o g  t , a t  d i f f e r e n t  v a l -  
ues of T,, a r e  p re sen ted  i n  F i g .  4 .  The exper imenta l  d a t a  

1 I I I I 

a6 1.0 1.0 2.0 1.1 
lop /t/wcl 

FIGURE 4 Avrami p l o t s  f o r  t h e  mesophase format ion  i n  
PPBA samples a t  t h e  tempera tures  Ts i n d i c a t e d ,  

may be desc r ibed  by s t r a i g h t  l i n e s ,  as r e q u i r e d  by equa t ion  
(l), up t o  s u f f i c i e n t l y  h igh  convers ions  (70~80%). The k i n e t i c  
parameters  are c o l l e c t e d  i n  Table  1. 

and s t a r t e d  b e f o r e  t h e  r a p i d  c o o l i n g  o f  t h e  sample down t o  
A t  Ts lower t h a n  528 K ,  t h e  t r ans fo rma t ion  w a s  v e r y  f a s t  
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2 30 M. PRACELLA ef al. 

TABLE 1 Kine t i c  parameters of the phase t r a n s i t i o n  of 
Poly(p-biphenylyl a c r y l a t e )  

526 (18) 
527 ( 2 2 )  
5 28 50 
529 65 
5 30 72 
531 90 
532 105 
533 146 
534 248 

0.999 
0.999 
0.994 
0.998 
0.995 
0.994 
0.996 
0.996 
0.998 

(2.0) 
(2.1) 
2.8 
2.9 
2.8 
2.8 
3.2 
3.1 
3.6 

(1.19’ (545.4) 
(6.51. lo-’ ) (542.5) 
5.54*10-6 544.0 
2,52*10-6 544.2 
1.86.10-6 545.3 
0.95. 545.5 
5 -99- 547 .O 
2.23.10-7 547.0 
4-54. lo-’ 547.5 

12.5 
13.0 
8.8 
8.4 
7.1 
7.9 
9.5 
7.1 
6.6 

t h e  se l ec t ed  Ts was completed: a s  it i s  shown i n  F ig .  4 and 
i n  Table 1, f o r  t hese  runs,  t h e  slope of t he  s t r a i g h t  l i n e s  
corresponds t o  ca .  n = 2. This  same value was found by P r i c e  
and Wendorf f f o r  t he  isotropic-to-mesomorphic t r a n s i t i o n  of 
most of t h e  low molecular mass l i q u i d  c r y s t a l s  i n v e s t i g a t e d  
by them. 

For a l l  o the r  T, values  i n v e s t i g a t e d ,  t he  complete exo- 
therm of t ransformation could be r e g i s t e r e d  and the  s t r a i g h t  
l i n e s  s lopes  correspond t o  an average value K = 3.0 ? 0.3, 
which can be i n t e r p r e t e d  i n  terms of both athermal and thermal 
nuc lea t ion ,  followed by three-dimensional growth. 

i n d i c a t i n g  t h a t  secondary processes  become ope ra t ive  which 
l ead  t o  an i n c r e a s e  of  t he  amount of t he  mesomorphic phase. 

i n  Table 1 and i n  F ig .  5. For comparable degrees of under- 
coo l ing ,  t he  half- t imes appear much lower than those obtained 
f o r  t h e  isothermal  c r y s t a l l i z a t i o n  of high polymers such a s  
i s o t a c t i c  polystyrene’.  However, from a k i n e t i c  p o i n t  of view, 
the isotropic- to-smect ic  t r a n s i t i o n  examined here  can be con- 
s ide red  s i m i l a r  t o  the  c r y s t a l l i z a t i o n  of polymers and, there- 
f o r e ,  analyzed i n  terms of t he  k i n e t i c  theory of the c r y s t a l -  
l i z a t i o n  of polymers’. The dependence of the t r a n s i t i o n  r a t e ,  
here  expressed a s  l / t o - 5 ,  on the  temperature Ts can be corre-  

For higher conversions,  n decreases  down t o  ca.  1 ,  t hus  

The values  of t he  half- t imes of t ransformation a r e  shown 
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KINETICS OF THE PHASE TRANSITION 

300. 

200- 

100- 

23 I 

atactic PPBA 

$ 0  
535 T,/K 

OL 5i5 530 

FIGURE 5 Half-times of transformation vs. Ts 

lated with the energy of formation of nuclei of critical di- 
mensions, for undercooling values AT = Ti - Ts (where TP = 

= 571 K is the equilibrium temperature of isotropization, 
calculated as described below) , through the equation (derived 
from the Turnbull-Fischer equation): 

0 

where Bs.T:/AT is the energy of formation of the nuclei and 
Bs is a term which accounts for the interfacial energy of 
the growing surfaces, the dimensions of the nuclei and the 
enthalpy of transition per unit volume; As depends on the 
density of nucleation and on the energy of transport of the 
molecules and can be considered constant, at first approxima- 
tion, in the temperature range investigated. 

Tp/TsAT is in fact linear, as it is demonstrated by the graph 
in Fig. 6. From the slope of the straight line, the values 
of the formation energy of the nuclei have been found to vary 
between 42 and 50 KJ/mol for T, in the range 526~534 K. It is 
noteworthy that these values are close to those found for the 
crystallization of e.g. isotactic polystyrene, for comparable 
degrees of undercooling'. 

As required by equation ( 2 ) ,  the plot of log(l/t,.5) vs. 
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232 M. PRACELLA er al. 

-1.5 . 

-21) . 

-2.5. 

2.0 2.5 3.0 

1 I I 1 I 

520 510 sso 580 

FIGURE 7 Isotropization temperatures T ,  of samples 
1 

of PPBA isothermally transformed at T 
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KINETICS OF THE PHASE TRANSITION 233 

The value of To has  been c a l c u l a t e d  by e x t r a p o l a t i o n  
of t he  va lues  of t he  i s o t r o p i z a t i o n  temperatures Ti of t he  
mesophases formed a t  d i f f e r e n t  Ts (F ig .  7 ) .  This  value i s  
higher than t h a t  previously c a l c u l a t e d  f o r  an a t a c t i c  PPBA 

sample with 35% s y n d i o t a c t i c i t y  (550 K), and s l i g h t l y  lower 
than t-hat found f o r  a sample with 65% s y n d i o t a c t i c i t y  (578 K)'.' 
A d i f f e r e n t  con ten t  of s y n d i o t a c t i c i t y  of  t h e  sample i n v e s t i -  
gated he re ,  a s  w e l l  a s  t he  d i f f e r e n c e  i n  the  experimental  
techniques may be r e spons ib l e  f o r  t he  d i f f e r e n t  values  ob- 
t a ined .  

The p l o t  of Fig.  7 demonstrates t h a t  t h e  i s o t r o p i z a t i o n  
temperature inc reases  with inc reas ing  t h e  temperature a t  which 
the  mesophase has been formed, thus showing t h a t  t h e  domains 
formed a t  higher  temperatures a r e  l a r g e r  and/or b e t t e r  ordered 
than those formed a t  lower temperatures.  

On t h e  con t r a ry ,  the d a t a  of Table 1 i n d i c a t e  t h a t ,  the  
lower t h e  temperature Ts, t he  higher  i s  t h e  i s o t r o p i z a t i o n  
enthalpy:  t h i s  demonstrates t h a t  t h e  f r a c t i o n  of polymer which 
can be transformed i n t o  the  mesophase decreases  with inc reas -  
ing t h e  t ransformation temperature.  On t h e  o t h e r  hand, i f  the 
sample i s  cooled t o  room temperature a f t e r  t he  isothermal  
t ransformation i s  over ,  a wel l  resolved two-peak p a t t e r n  i s  
observed i n  t h e  subsequent DSC t r a c e :  t h e  higher  temperature 
peak corresponds t o  the  i s o t r o p i z a t i o n  of t he  mesophase f o r -  
med i so the rma l ly  a t  T,, and the  lower temperature one t o  that.  
formed during the  cool ing s t e p .  

obtained r ecen t ly '  
ra t -ures:  i n  f a c t ,  t he  i n t e n s i t y  of t he  low angle r e f l e c t i o n  
a s soc ia t ed  with the  spacing of the smectic l a y e r s ,  which i s  
a measure of t he  degree of mesomorphism of the sample, de- 
c r e a s e s  s t e a d i l y  t o  very low values  on inc reas ing  t h e  tempe- 
r a t u r e  i n  an i n t e r v a l  containing t h e  range i n v e s t i g a t e d  he re .  

These conclusions agree with the  d i f f r a c t o m e t r i c  d a t a  
f o r  t h e  same polymer a t  d i f f e r e n t  tempe- 

A l l  t he se  f a c t s  demonstrate t h a t  PPBA can c e r t a i n l y  be 
obtained a s  a two-phase m a t e r i a l ,  composed by a smectic phase 
p l u s  an amorphous phase.  The amount of e i t h e r  phase can be 
va r i ed  t o  a l a r g e  e x t e n t  by changing the  condi t ions f o r  t h e  
mesophase formation. Almost no mesophase i s  formed i f  the 
i s o t r o p i c  m e l t  i s  quenched i n  ice-water.  B u t  a f r a c t i o n  of 
amorphous g l a s s  i s  c e r t a i n l y  p re sen t  a l s o  i n  t he  slowly cool- 
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234 M .  PRACELLA eta!. 

ed polymer samples and i s  probably  r e s p o n s i b l e  f o r  t h e  g l a s s  
t r a n s i t i o n  observed i n  t h e  DSC t r a c e s  o f  PPBA a t  c a .  380 K 
( c f .  F ig .  1). 

th rough PVT measurements made on l i q u i d  c r y s t a l l i n e  polymers 
con ta in ing  f l e x i b l e  s p a c e r s  between t h e  main c h a i n s  and t h e  
mesogenic s ide-groups .  I n  f a c t ,  t h e s e  polymers w e r e  shown t o  
behave as thermodynamically homogeneous m a t e r i a l s ,  l i k e  low 
molecular  mass l i q u i d  c r y s t a l s .  T h i s  d i f f e r e n t  behaviour  can 
perhaps  be exp la ined  e a s i l y  cons ide r ing  t h e  b a s i c a l l y  d i f f e r -  
e n t  f l e x i b i l i t y  of t h e  two t y p e s  of macromolecular compounds. 

Our conclus ion  i s  a l s o  a t  v a r i a n c e  wi th  t h a t  drawn by 
Menczel and Wunderlich13 from a c a l o r i m e t r i c  s tudy  o f  po ly-  
(p-acry loyloxybenzoic  a c i d ) ,  and no s i m p l e  e x p l a n a t i o n  can  
be o f f e r e d  to  account  f o r  t h i s  d i sc repancy .  

A d i f f e r e n t  conc lus ion  w a s  reached  by F renze l  and Rehage" 
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